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1. Introduction 
The selective association of nucleic acids with 
proteins is of utmost importance at every step of 
genetic expression. The most striking examples 
include the recognition of operators by repressors, 
of promoters by RNA polymerase and of DNA base 
sequences by restriction endonucleases. Three main 
topics have to be considered when dealing with the 
problem of selective recognition between proteins and 
nucleic acids: 
(i) There should be a structural complementarity 
between the regions of the two macromolecules which 
are in contact. 
(ii) Direct interactions have to take place between 
the chemical groups involved in the interacting regions 
(amino acid side-chains and peptidic group of the 
protein; bases, sugars and phosphates of the nucleic 
acid). 
(iii) Direct interactions between these chemical 
groups could be mediated through a third species such 
as a metal cation [l 1. 
Direct interactions include: 
(i) Electrostatic interactions between positively 
charged amino acid side-chains (Lys, Arg, protonated 
His) and phosphate groups. 
(ii) Stacking interactions between aromatic amino 
acid side-chains (Trp, Tyr, Phe, His) and nucleic acid 
basis. 
(iii) Hydrogen bonding between several amino acid 
side-chains or the peptidic group, and phosphate, 
ribose or bases. 
(iv) Hydrophobic interactions between aliphatic 
amino acid side-chains and nucleic acid bases. 
Several studies have been devoted to stacking 
interactions involving aromatic amino acids and nucleic 
acid bases [2-41. It has been demonstrated that pep- 
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tides containing aromatic residues could recognize 
single-stranded from double-stranded nucleic acids 
[3,5]. Thus, a simple tripeptide such as Lys-Trp-Lys 
is able to bind selectively to unpaired regions in DNA 
which has been submitted to ultraviolet irradiation 
[5]. In single-stranded polynucleotides, the stacking 
interaction of Trp residues is dependent on the base 
sequence (Boubault, Maurizot and HBlene, to be 
published). The role of aromatic residues of proteins 
in their binding to single-stranded nucleic acids 
has been recently emphasized in the case of gene 5 
protein from phage fd [6] and that of gene 32 protein 
from phage T4 [7a,b]. Proteins could also use aromatic 
residues to anchor to single-stranded regions of nucleic 
acids such as tRNAs [8]. 
Hydrogen-bond formation between amino acid side- 
chains and nucleic acid bases certainly represents one of 
the most specific ways in which proteins can recognize 
base sequences [9-121. There are several amino acid 
side-chains which have the capability of forming pairs 
of hydrogen-bonds with bases. These include the acidic 
residues Glu and Asp, the amide groups of Gln and Asn, 
the imidazole ring of His, the guanidinium group of 
Arg* 
Amide side-chains of Gln and Asn have one donor 
and one acceptor group. They can therefore form two 
hydrogen-bonds with several bases: adenine [NH2(6) 
and N(7)] and guanine [NHa(2) and N(3)] in the 
major and minor groove, respectively, of double- 
stranded nucleic acids (fig.1). All four bases are in 
single-strands. The same situation prevails for carboxylic 
acids in their unionized (-C .O_H ) form. They can 
give rise to the same type of hydrogen-bonds as 
amides (fig.1). It should be kept in mind that ionizable 
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side-chains may have abnormal pK values in proteins 
and this also holds for protein-nucleic acid complexes. 
Therefore glutamic and aspartic acids could well exist 
as neutral species under physiological conditions. The 
formation of hydrogen-bonded complexes between 
unionized carboxylic acids and nucleic acid bases has 
already been demonstrated [9,13]. 
The imidazole ring of His in its neutral or proto- 
nated form could also be considered as a potential 
bridging group between hydrogen-bonding sites of 
bases. Such a model has been proposed where neutral 
His makes a bridge between adenine add thymine in 
histone-DNA interactions [ 141. 
We now consider specific recognition of guanine in 
double-stranded and single-stranded nucleic acids. There 
are two types of side-chains which should be expected 
to have a more specitic behavior. These are the chemical 
groups which possess only hydrogen-bonding donor (Arg) 
or hydrogen-bonding acceptor groups (ionized carboxylic 
acids of glutamyl and aspartyl side-chains). 
Only one base has two hydrogen-bond donor 
GLUTAMINE 
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(b) 
groups in a suitable position to form two hydrogen- 
bonds with ionized Glu and Asp side chains. This 
base is guanine in single-stranded nucleic acids with 
NH(l) and NHs(2) as hydrogen-bond donors (frg.2a). 
The side-chain of arginine appears to be of special 
importance since all its chemical groups are hydrogen- 
bonding donors (two NH2 groups and one NH group). 
In double-stranded nucleic acids, all bases still have 
hydrogen-bonding possibilities acting either as donor 
or acceptor. But only one of them, guanine, has two 
hydrogen-bond acceptor groups (O(6) and N(7)). They 
are located in the major groove. This should enable 
this base to form two hydrogen-bonds with an arginine 
side-chain as shown in frg.3. 
The only other possibility for Arg of forming two 
hydrogen-bonds will be with cytosine in a single- 
stranded nucleic acid. Cytosine has two hydrogen-bond 
acceptor groups (N(1) and O(2)) which are involved 
in pairing with guanine in double-strands but will be 
available in single-strands (fig.2b). 
However the arginine side-chain also bears a posi- 
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Fig.2 (a) (b) 
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tive charge which makes it a good candidate for elec- 
trostatic interaction with a phosphate group of the 
nucleic acid. This arginine-phosphate interaction has 
been shown to take place, e.g., in the binding of the 
inhibitor deoxythymidine-3’,5’-diphosphate to 
staphylococcal nuclease [ 151. The precise nature of 
this interaction has been characterized by X-ray studies 
of crystals of methyl guanidinium dihydrogenortho- 
phosphate [ 161. This crystal studies provide an excellent 
model of arginine-phosphate hydrogen-bonding inter- 
actions. From these studies one would expect a strong 
interaction between positively charged arginine side- 
chains and negatively charged phosphate groups. Thus 
the arginine side-chain would not be readily available 
to bind guanine residues. 
We would like to propose a model in which this 
last interaction could take place. The positive charge 
of the arginine side-chain could be neutralized by a 
carboxylate anion whose two oxygen atoms could 
form hydrogen-bonds with two NH groups of Arg 
(as observed in the case of phosphate anions). We 
have built a space-filling model of the sequence 
Arg-Glu. The carboxylic group of Glu and two 
hydrogen-bond donor groups of Arg (one NH2, NH) 
can form the structure shown in fig.1 in which the 
planar guanidinium group [ 161 and the carboxylic 
group are coplanar. The sequence Arg-Asp would be 
less appropriate since it will not give such a coplanar 
structure. However it should be noted that the argi- 
nine and carboxylic acid side-chains need not be 
adjacent in a protein molecule. Two such side-chains 
might interact with each other to form the structure 
shown in fig.3 if they are brought in close contact 
by the folding of the polypeptide chain. Nevertheless 
the Arg-Glu sequence would be quite favorable. It 
will leave the possibility of forming two hydrogen- 
bonds between Arg and guanine. It may be proposed 
therefore that this Arg-Glu sequence should allow 
the recognition of guanine bases in a double-stranded 
nucleic acid (of both guanine and cytosine in single- 
strands). This interaction would be favored if the 
Arg-Glu sequence was brought in close contact 
with nucleic acid bases by introducing neighboring 
basic amino acid residues giving rise to electrostatic 
interactions with phosphate groups. Thus one would 
predict that a sequence in which Arg-Glu has a basic 
heighbor (such as Arg-Glu-Lys or Lys(Arg)-Arg-Glu) 
would be a good candidate for this specific interaction. 
In order to test the proposal made above for a 
specific role of Arg-Glu sequence in recognizing 
guanine in double-stranded nucleic acids (guanine 
and cytosine in single-stranded nucleic acids) we have 
looked for the presence of such sequences in proteins 
interacting with nucleic acids. In ribosomal S4 protein 
the sequence Arg-Glu-Lys appears three times, Arg- 
Arg-Glu once and Glu-Arg twice. Protein S4 binds 
to ribosomal 16 S RNA. Ultraviolet irradiation of the 
complex induces the formation of covalent-bonds 
between the protein and the nucleic acid [ 171. An 
analysis of the tryptic peptides which are cross-linked 
to 16 S RNA reveals that two of the three S4 protein 
regions containing the sequence Arg-Glu-Lys are in 
close contact with the RNA. (Tryptic digestion gives 
two cross-linked peptides beginning by the sequence 
Glu-Lys, tryptic cleavage occurring after the Arg 
residue). A third cross-linked peptide contains the 
sequence Glu-Arg. The chemical nature of the 
covalent-bonds formed between protein S4 and 16.S 
RNA upon ultraviolet irradiation is not known. Several 
amino acid side-chains are known to react photo- 
chemically with bases [18,19] (Cys, Ser, Thr, Tyr, 
Lys, Arg). We have recently shown that carboxylic 
side-chains of Glu and Asp could also participate in 
the formation of photochemically-induced cross-links 
(Toulme and Helene, to be published). 
The sequence of the &-repressor has been deter- 
mined [20]. Genetic and chemical studies have shown 
that the N-terminal part of this protein is involved in 
the selective recognition of the lac-operator [21]. The 
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sequence Arg-Glu-Lys appears in position 35-37 and 
could be involved in bindina selectivelv. to a G-C 
base-pair such as the single k--C base-pair of the first 
long symmetrical base sequence of the &-operator 
( $ATzI). It should be noted that the region which 
[4] Gabbay, E. J., Sanford, K., Baxter, C. S. and Kapicak, L. 
(1973) Biochemistry 12,4021-4029. 
[5] Toulme, J. J., Charlier, M. and Helene, C. (1974) Proc. 
Natl. Acad. Sci. USA 71,3185-3188. 
[6] Anderson, R. A., Nakashima, Y. and Coleman, J. D. 
(1975) Biochemistry 14,907-917. 
[7](a) Anderson, R. A. and Coleman, J. E. (1975) Biochemistry 
contains the Arg-Glu sequence is the most basic 
sequence of the N-terminal part of the k-repressor 
(-L$%-Thr-Arg-Glu-L$+) which is expected to be 
strongly bound to the k-operator by electrostatic 
interactions. 
If there is a molecular code for the recognition of 
nucleic acid base sequences by proteins, the consider- 
ations developed above could provide a basis for the 
selective recognition of guanine bases in double-stranded 
nucleic acids by Arg-Glu sequences and that of 
guanine in single-stranded nucleic acids by carboxylic 
side-chains. Some of the possibilities presented above 
can be experimentally tested. We are presently synthe- 
sizing several amino acid sequences of the kc-repressor 
including the Arg-Glu-Lys sequence. The investigation 
of base sequence specificity in the binding of these 
peptides to different nucleic acids should allow us to 
test the validity of the proposed model. 
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